To determine the sensitivity and specificity of cerebrospinal fluid (CSF) flow imaging in distinguishing between patients with symptomatic Chiari I malformation and those with asymptomatic tonsilar ectopia by using a neurosurgeon's overall clinical determination as the reference standard.
T
he Chiari I malformation, characterized by downward displacement of the cerebellar tonsils, may be associated with syringomyelia and/or a variety of neurologic signs and symptoms. While tonsilar ectopia can be identified and measured effectively with magnetic resonance (MR) imaging (1, 2) , the presence and magnitude of the ectopia do not correlate with the presence and severity of signs or symptoms. Up to 30% of individuals with more than 5 mm of tonsilar ectopia lack signs or symptoms that are typically attributed to the Chiari I malformation (3, 4) . Additionally, patients with minimal or no tonsilar ectopia may have symptoms that are similar to those found in patients with symptomatic Chiari I malformation. Symptomatic Chiari I patients may benefit from surgical decompression (5,6) while patients without cerebrospinal fluid (CSF) flow abnormalities may not benefit.
Phase-contrast magnetic resonance (MR) imaging is often used to evaluate the effect of tonsilar ectopia on CSF flow and to assess its possible clinical importance. The validity of the phase-contrast MR CSF flow study has been investigated by comparing CSF flow patterns in Chiari I patients with those in healthy patients (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Although quantitative methods of assessing CSF flow have been reported, nonquantitative visual assessment of CSF flow has been used in clinical studies and in many published reports (17, 18) . In those reports, reduced flow in the posterior subarachnoid space in phase-contrast MR images is generally considered a sign of abnormal CSF flow (19) . The accuracy of this and other imaging features to distinguish abnormal flow has not been adequately assessed, in our opinion.
To our knowledge, no published studies compare the CSF flow patterns in patients who are symptomatic for Chiari I malformation with those who are asymptomatic for tonsilar ectopia. Since the main objective of CSF flow imaging is to select patients for surgical treatment, the differences between asymptomatic and symptomatic posterior fossa imaging findings warrant investigation. Thus, the purpose of our study was to retrospectively determine the sensitivity and specificity of CSF flow imaging in distinguishing patients with symptomatic Chiari I malformation from those with asymptomatic tonsilar ectopia, using the neurosurgeon's overall clinical determination as the reference standard.
Materials and Methods
The institutional review board of the University of Wisconsin Hospital and Clinics approved our Health Insurance Portability and Accountability-compliant retrospective study and granted a waiver of informed consent.
Patients and Reference Standard
The medical records of patients treated in the Neurosurgery Specialty Clinic were reviewed to identify patients as having symptomatic Chiari I malformation or asymptomatic tonsilar ectopia (B.J.I.). In this clinic, patients were evaluated if tonsilar ectopia was discovered at computed tomography or MR, for example, for head trauma or for a known Chiari I malformation that was being considered for surgical management. Each patient evaluated in this clinic gave a thorough history and underwent physical and neurologic examinations, on the basis of which the diagnosis and classification were made. Patients were classified as symptomatic or asymptomatic before CSF flow studies were obtained.
To be classified as symptomatic for Chiari I malformation, the patient had to exhibit a combination of the following signs and symptoms: cervical syringomyelia, occipital headaches, Valsalva maneuver-induced headaches, back pain, dysphagia, dysarthria, truncal ataxia, nystagmus, lower cranial nerve dysfunction, motor or sensory deficit in the upper or lower extremities (particularly the hands), abnormal reflexes, or scoliosis (20) .
For the symptomatic Chiari I group, an additional inclusion criterion was a positive clinical response to subsequent craniocervical decompression. Inclusion criteria for both groups were tonsils that extended 5 mm or more below the foramen magnum on a sagittal MR image with the neck in neutral position, findings during history and physical examination that permitted unambiguous classification as asymptomatic tonsilar ectopia or symptomatic Chiari I malformation, and a phase-contrast MR CSF flow study with images obtained in sagittal and transverse planes with the neck in neutral, flexed, and extended positions.
Seventeen patients who met the inclusion criteria were identified, including four male and 13 female patients ranging in age from 4 to 43 years (mean age, 19 years). 
Advance in Knowledge
Ⅲ Readings of cerebrospinal fluid (CSF) flow images based on current criteria have an average sensitivity of 76% and an average specificity of 62% in distinguishing between symptomatic Chiari I malformations and asymptomatic tonsilar ectopia.
Implication for Patient Care
Ⅲ Phase-contrast MR flow studies have a role in distinguishing between abnormal CSF flow patterns in the evaluation of patients with symptomatic Chiari I malformation and asymptomatic tonsilar ectopia to determine which may benefit from surgical intervention.
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Phase-Contrast MR CSF Flow Imaging
Transverse and sagittal phase-contrast MR images were acquired in each patient with similar techniques. The images were electrocardiographically gated to the cardiac cycle. The plane of acquisition was selected according to a standard protocol. For sagittal images, the plane that optimally demonstrated the dens was chosen. For the blinded readings, CSF flow images were retrieved and displayed by one investigator (S.K.H.) on the picture archiving and communication system. The readers were not provided specific criteria for diagnosing the abnormal flow. The four readers knew they would review images in patients who were either symptomatic for a Chiari I malformation or asymptomatic for tonsilar ectopia. The investigator varied the order in which readers saw the patient images and the sequence in which they reviewed the transverse and sagittal images. The readers were not given the patient's identification or clinical information or the neurosurgeon's final classification, and they were not shown anatomic head or cervical spine images.
The readers were first asked to determine if the images were technically adequate for interpretation. If the reader classified the image as inadequate for interpretation, no further information was requested. They were then asked to classify the study as showing normal flow (flow pattern not likely associated with symptoms) or abnormal flow (flow pattern probably associated with symptoms). They were asked to classify the CSF flow abnormality on a scale of 0 -3: a score of 0 ϭ no abnormality, a score of 1 ϭ questionable abnormality, a score of 2 ϭ definite abnormality, and a score of 3 ϭ extreme abnormality. The average severity was calculated for the symptomatic and asymptomatic groups. Each reader was asked to describe the findings that were considered diagnostic of a craniocervical pathophysiologic CSF flow problem.
At a subsequent session, readers were asked to review, in the same manner, another set of images in the second plane. The readers were not given the patient's identification, clinical information, or information from the first reading. The same questions were asked each time. Each reader reviewed transverse images first in some patients and sagittal images first in others. The time elapsed between readings ranged from 4 to 8 weeks. If the reader diagnosed the CSF flow as abnormal, he or she was also asked to specify in which position (neutral, flexion, or extension) the most abnormal CSF flow was demonstrated.
Statistical Analysis
For each reader, sensitivity was calculated as the percentage of patients classified as abnormal in the symptomatic Chiari I patients; specificity, as the percentage of patients classified as normal among the asymptomatic tonsilar ectopia patients. The sensitivities and specificities for all readers were averaged by one investigator (S.K.H.).
Reader agreement was calculated for each patient as the percentage of readings agreeing with the reference standard. Overall agreement was calculated as the average of all readers and was calculated separately for the transverse and sagittal images. Overall agreement was also calculated separately for the pairs of more experienced and less experienced readers. Statistical significance was measured by using a two-tailed t test with a P value of .05 indicating a significant difference. An Excel (Microsoft, Redmond, Wash) spreadsheet was used to calculate the P value (V.M.H.). The difference between the average abnormal interpretations by the readers in the symptomatic and asymptomatic groups was tested for significance. The average severity of flow abnormality was calculated for the symptomatic and asymptomatic groups, and the differences were tested for significance, as were differences in the sensitivity and specificity for more and less experienced readers. Agreement among all readers for the sagittal and transverse images was calculated and tested for significance. Agreement between the more and less experienced readers was also calculated and tested for significance.
Results
Patients
Nine of the patients (two male, seven female; aged 6 -30 years; mean, 14 years) were classified as having symptomatic Chiari I malformation; eight patients (two male, six female; aged 16 -43 years; mean, 26 years), as having asymptomatic tonsilar ectopia. All nine symptomatic patients showed marked improvement from craniocervical decompression, which was performed subsequent to the CSF flow studies. Two underwent surgical decompression twice before experiencing clinical improvement, two had undergone previous fusion procedures to treat scoliosis, four had cervical syringomyelia, and one had neither of the foregoing.
Readings of CSF Flow Images
With the exception of three flow studies in the transverse plane considered suboptimal by one reader (J.B.M.), readers scored each of the transverse and sagittal flow studies (Table) . For the 68 interpretations of the 17 sagittal flow studies, 41 were abnormal and 27 were normal flow patterns (Fig 3) . Of 41 abnormal flow patterns, 27 were in patients assigned by the neurosurgeon to 
Classification of CSF Flow Studies
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the symptomatic Chiari I group and 14 were in patients assigned to the asymptomatic tonsilar ectopia group. Of the 27 normal readings, nine were in patients assigned by the neurosurgeon to the symptomatic group and 18 were in patients assigned to the asymptomatic group.
In the symptomatic group, readers interpreted 67%-100% of sagittal and 44%-100% of transverse flow studies as abnormal in the symptomatic patients. The readers interpreted 50%-63% of sagittal and 43%-100% of transverse flow studies as normal in the asymptomatic group of patients. On average, the readers classified 75% of sagittal and 72% of transverse flow studies as abnormal in the symptomatic patients and 56% of sagittal and 68% of transverse flow studies as normal in the asymptomatic patients. The difference in the number of positive readings in the symptomatic compared with the asymptomatic group was significant (P ϭ .02 for sagittal and P ϭ .002 for transverse images).
The most common finding used by readers to determine normal CSF flow was moderate preponderance of flow anterior to the spinal cord. The ratings of CSF flow abnormality ranged from 0 to 3. For the reader with the highest number of correct scores, the average severity score was 1.6 for the symptomatic Chiari I malformation patients and 0.8 for the asymptomatic tonsilar ectopia patients, indicating a significant difference (P ϭ .004). For the reader with the lowest number of correct scores, the average severity score was 1.2 for the symptomatic group and 0.7 for the asymptomatic group, indicating a significant difference (P ϭ .048). Images were identified as having definite or severe flow abnormality in 55% of symptomatic patients and as questionable in the remainder. Images were identified as having no or questionable abnormality in 75% of asymptomatic patients and as a severe abnormality in the remainder.
Readers found that CSF flow was more abnormal when the neck was in flexion in 46% of patients and when it was in neutral or extension positions in 16% of patients. Position did not appear to affect the flow pattern substantially in the remainder of the patients.
Reader Agreement
Agreement with the neurosurgeon's diagnosis ranged from 25%-100% for individual patients. Agreement averaged 67% on sagittal and 70% on transverse images, but the difference was not significant (P ϭ .166). Agreement averaged 74% for more experienced readers and 62% for less experienced readers, but the difference was not significant (P ϭ .096).
Sensitivity and Specificity
For sagittal and transverse images, the respective sensitivity for the four readers to diagnose abnormal flow in the symptomatic patients averaged 75% and 72% and the respective specificity to identify the asymptomatic patients averaged 56% and 68%. The combination of sensitivity and specificity between more and less experienced readers was not significantly different (P ϭ .08).
Discussion
CSF flow patterns were significantly different in the symptomatic Chiari I patients compared with the asymptomatic tonsilar ectopia group. Sensitivity ranged from 64% to 88% for readers diagnosing a symptomatic Chiari I malformation in our study, with a small trend toward better accuracy for more experienced readers. Specificity ranged from 59% to 64% for the lack of visible flow abnormalities in the group with no symptoms attributable to tonsilar ectopia.
Reader agreement in differentiating between symptomatic and asymptomatic CSF flow patterns in patients with Chiari I malformation and tonsilar ectopia, respectively, has not been reported to our knowledge, while dif- ferences in CSF flow patterns between Chiari I patients and healthy patients have been extensively reported (7) (8) (9) (10) (11) 14, 16) . The sensitivity in our study approached 75%, a level often reported for accuracy in imaging (21) . The sensitivity and specificity in our study may be lower than in published studies because abnormal tonsil location was present in both of our groups. We calculated reader agreement in comparison with the actual diagnosis, rather than compute the number of pairs of readers who agreed and disagreed, which may be the more common method.
Our study included a small number of patients because the enrollment criteria were strict. Thus, the significance must be considered conservatively. One of the limitations of our study was related to the lack of universally accepted criteria for diagnosing the symptomatic Chiari I malformation. No single clinical finding or group of findings differentiates between symptomatic Chiari I and asymptomatic tonsilar ectopia patients (4, 20) . Even the characteristic symptom of Valsalva maneuver-induced occipital headaches is absent in about 25% of patients with Chiari I malformation (20) .
To enable the classification of patients as symptomatic or asymptomatic, the judgment of an experienced neurosurgeon was used as a reference standard (3, 4) . Since the neurosurgeon in our study had access to all information on the CSF flow studies, the effect of this knowledge on his classification cannot be excluded. The neurosurgeon differentiated the patients in symptomatic Our study has shown that nonquantitative techniques can distinguish symptomatic and asymptomatic Chiari I malformations in a majority of patients. However, with the present nonquantitative image interpretation criteria, reader agreement, sensitivity, and specificity do not achieve the same levels as do those of other imaging studies. Further study is warranted, particularly for quantitative techniques. In summary, readers detected differences in CSF flow patterns between For sagittal and transverse images, average reader sensitivity was 76% for finding abnormal flow in symptomatic patients and average specificity was 62% for finding normal flow in patients with asymptomatic tonsilar ectopia.
